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Materials and Methods 
 
Study Subjects’ consent 

 
        Study subjects signed informed consent according to the declaration of Helsinki and 14 CFR Part 1230 
for collection and use of sample materials and data in research protocols at NASA and the collaborating 
institutions. Study protocols were approved by the NASA Flight Institutional Review Board (protocol 
number Pro1245) and all participating institutions. 
 

 
Blood sample collection for plasma, DNA and RNA extraction 
 

Sample collection. Blood samples were collected from flight (TW) and ground (HR) subjects into 4 
mL CPT vacutainers (BD Biosciences Cat # 362760) per manufacturer’s recommendations. Cell separation 
was performed by centrifugation at 1800 X g for 20 min at room temperature, both for the ISS and ground-
based samples. Ambient blood collected samples slated for immediate return on the Soyuz capsule were 
stored at 4oC until processing (average of 35-37 hours after collection, including repatriation time). Samples 
collected on Earth and on the ISS and planned for long-term storage were mixed by inversion and 
immediately frozen at -80�C. 

 
Fresh processing of CPT tubes was performed using the following steps: 1) plasma was retrieved from 

the CPT tubes and flash frozen prior to long term storage at -80oC. 2) Cells were subjected to positive 
selection for CD4 cells using magnetic beads (Miltenyi Biotec Cat # 130-097-048) per manufacturer’s 
recommendations. 3) Flow through from the CD4 cell selection was subjected to positive selection for CD8 
cells using magnetic beads (Miltenyi Biotec Cat # 130-097-057) per manufacturer’s recommendations. And 
4) Flow through from the CD8 selection was subjected to CD19 cell positive selection using magnetic beads 
(Miltenyi Biotec Cat # 130-097-055) per manufacturer’s recommendations. The flow through from the last 
step (Lymphocytes depleted fraction; LD) was recovered. Validation of cell separation approach was 
performed on a blood sample from a healthy volunteer (Fig. S1). CD4, CD8, CD19 and LD cells were 
divided into cell pellets and RLT+ buffer (Qiagen Cat # 80204) lysates, flash frozen and stored at -80oC 
until use. Frozen CPTs were thawed at 37oC; 1:10 volume of 1mg/mL DNase (Sigma) was added to each 
supernatant and incubated at 37oC for 90 seconds. Supernatant was recovered. Cells were pelleted by 
centrifugation at 300 X g, washed in 4oC PBS and lysed into RLT+ buffer, flash frozen and stored at -80oC 
until use. 

 
Nucleic acid extractions and quality control. QIAGEN’s Allprep kit (Cat # 80204) was used for DNA 

and RNA extraction from RLT+ lysates per manufacturer’s recommendations. DNA was extracted from 
cell pellets using Epicentre masterpure kit per manufacturer’s recommendations (Lucigen Cat # 
MCD85201). Quantitation of RNA and DNA was assessed using Qubit 2.0 (Invitrogen) per manufacturer’s 
recommendations. DNA quality was assessed by visualization on 0.7% agarose gels using standard 
techniques. RNA quality control was performed using RNA Nano kit (Agilent) on a Bioanalyzer 2100 
(Agilent) per manufacturer’s recommendations. Quality control of RNA extracted from CPT tubes and 
collection details are in Table S9 All samples were processed at Johnson Space Center unless otherwise 
noted. Plasma from the CPT tubes was used for proteomics studies; DNA and RNA from these extractions 
was used for gene expression, TCR sequencing, DNA methylation assays and telomere length assessments. 
RNA quality results (RIN scores) are included in Table S9. 

 
Ambient return controls. To control for ambient return effects on molecular signatures, we generated 

control samples that represented the fresh (FR) and ambient return (AR) sample collection conditions. 
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Blood was collected from a male volunteer of similar age and ethnicity to the study subjects, in three 4 mL 
CPT vacutainers (BD Biosciences Cat # 362760) per manufacturer’s recommendations and centrifuged at 
1800 X g for 20 minutes at room temperature. One vacutainer was used as a FR control, and processed as 
per the protocol for freshly processed CPT tubes. The remaining two vacutainers were used for AR controls. 
To simulate temperature and storage conditions during ambient return, AR controls were shipped at 4oC via 
Fedex for 3000 flight miles, re-packed and shipped again for 3000 flight miles, before being processed in 
the same manner as the FR control. The duration between collection and processing of AR samples was 48 
hours.  Data generated from AR and FR controls were used to normalize the gene expression data for any 
confounding effects of ambient return using ComBat or multivariate models in differential expression 
analysis (85). Correction process is explained in methods for transcriptome analysis. 

 
Telomere length, Telomerase activity and Chromosome assays 
 

Processing for qPCR-based assessment of Telomere Length and Telomerase Activity. Blood samples 
were collected into K2EDTA tubes on Earth or on the ISS and processed per manufacturer’s 
recommendations (BD Biosciences Co #368589), stored at room temperature and shipped to Colorado State 
University. On arrival cells were transferred into CPT mononuclear cell preparation tubes (Becton, 
Dickinson, and Co # 362761) and centrifuged at 1700 x g for 20 min per manufacturer’s recommendations. 
Separated peripheral blood mononuclear cells (PBMCs) were collected and washed in PBS and any 
remaining red blood cell contamination was removed using ACK lysis buffer (86). PBMCs (1x106 cells / 
mL) were divided for either qRT-PCR based-telomere length measurement or qRT-PCR TRAP.  DNA 
extraction for qPCR telomere length measurements was performed using the DNeasy Blood and Tissue Kit 
(Qiagen #69504). PBMCs were initially incubated in proteinase K for 3 h at 37°C. DNA isolated from 
CD4+ and CD8+ T-cells, CD19+ B-cells, lymphocyte depleted (LD), and whole PBMC populations was 
also used. For telomerase activity, PBMC protein lysates were prepared in mammalian protein extraction 
buffer (M-PER) (ThermoFisher #78503) containing cOmplete Protease Inhibitor Cocktail (Millipore Sigma 
#11836170001) and RNasin Ribonuclease Inhibitors (Promega #N2515) at 1x106 cells per 100 μL. Lysates 
were cleared by incubating on ice for 10 min, followed by centrifugation at 18,000 rpm for 15 min at 4oC, 
aliquoted, and stored at -80oC. Protein concentration was determined using the Bio-Rad Protein Assay Kit 
(Bradford Assay; Bio-Rad # 5000001). 

 
Sample Collection and Blood Stimulation for Telo-FISH and dGH. Peripheral blood was drawn and 

collected in one 10 mL sodium heparin tube (Becton, Dickinson, and Co #367874) and one 10 mL 
ethylenediaminetetraacetic acid (K2EDTA) tube (Becton, Dickinson, and Co #368589). Samples were 
shipped under ambient conditions and received at Colorado State University (CSU) within 24 h of blood 
draw. Heparinized blood was split into two T-25 tissue culture flasks, 1:9 in Gibco PB-Max Karyotyping 
Medium supplemented with phytohaemagglutinin A (PHA) (ThermoFisher #12557021). For Directional 
Genomic Hybridization (dGH), 5.0 mM 5-bromo-deoxyuridine (BrdU) and 1.0 mM 5-bromo-
deoxycytidine (BrdC) were added to the medium (29). Following 44 hr incubation/stimulation, KaryoMax 
Colcemid (ThermoFisher #15210040) was added [0.1 μg/mL final concentration] for the final four hours 
prior to harvest (at 48 h), then metaphase chromosome spreads were prepared using standard cytogenetic 
techniques (e.g. (87)).  

 
Multiplexed Quantitative PCR Telomere Length Measurement. Multiplexed qPCR measurements of 

telomere length were carried out as previously described (20). Here, a 22 μL master mix was prepared using 
SYBR green GoTaq qPCR master mix (Promega #A6001) combined with the telomere forward primer 
(TelG; 5’-ACACTAAGGTTTGGGTTTGGGTTTGGGTTTGGGTTAGTGT-3’), telomere reverse primer 
(TelC; 5’-TGTTAGGTATCCCTATCCCTATCCCTATCCCTATCCCT AACA-3’), albumin forward 
primer (AlbU; 5’-CGGCGGCGGGCGGCGCGGGCTGGGCGGA AATGCTGCACAGAATCCTTG-3’), 
albumin reverse primer (AlbD; 5’-GCCCGGCCCGCCG 
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CGCCCGTCCCGCCGGAAAAGCATGGTCGCCTGTT-3’) at 10 μM per primer (Integrated DNA 
Technologies), and RNase/DNase free water. To the master mix, 3 μL of DNA at 3.33 ng/uL was added for 
a final volume of 25 μL. The TelG/C primers were at a final concentration of 900 nM and the AlbU/D 
primers at 400 nM. 

 
Telomere length measurements were carried out using a Bio-Rad CFX-96 qPCR machine. The cycle 

design was as follows: 95°C for 3 min; 94°C for 15 s, 49°C for 15 s, for 2 cycles; 94°C for 15 s, 62°C for 
10 s, 74°C for 15 s, 84°C for 10 s, and 88°C for 15 s, for 32 cycles. The melting curve was established by 
a 72°C to 95°C ramp at 0.5°C/second increase with a 30 second hold. Multiplexing both telomere and 
albumin primers using a single fluorescent DNA-intercalating dye is possible because the telomere 
sequences are amplified at a lower quantification cycle (Cq) than the albumin sequences. Standard curves 
were prepared using human genomic DNA (Promega Cat # G3041) with 3-fold dilutions ranging from 50 
ng to 0.617 ng in 3 μL per dilution. Negative controls included a no-template TelG/C only and AlbU/D 
only, and a combined TelG/C and AlbU/D control. Samples were normalized across plates using a human 
genomic DNA standard. Each sample was run in triplicate on a 96-well plate format and relative telomere 
length was established using a telomere (T) to albumin (A) ratio.   

 
Quantitative Real Time PCR (qRT-PCR) Telomere Repeat Amplification Protocol (TRAP). 

Telomerase activity was monitored using qRT-PCR TRAP as previously described (26). Here, protein 
lysates were suspended at 0.20 μg in 25 μL of SYBR green GoTaq qPCR master mix (Promega #A6001) 
containing 0.20 μg T4 gene 32 protein (New England Biolabs #M0300S), 0.10 μg of primers TS (5’-
AATCCGTCGAGCAG AGTT- 3’) and ACX (5’-GCGCGG(CTTACC)3CTAACC-3’) (Integrated DNA 
Technologies) and RNase/DNase free water. The qRT PCR reactions took place using a Bio-Rad CFX-96 
qPCR machine using the following steps: 25ºC for 20 min; 95ºC for 3 min; 95ºC for 20 s, 50ºC for 30 s, 
72ºC for 90 s for 50 cycles; establish a melting curve and prevent primer dimerization for 10 s per cycle for 
80 cycles. Each sample was run in triplicate on a 96-well plate format allowing for an average Cq to be 
obtained per sample. Relative telomerase activity was then established using the delta delta Ct method (88). 
In addition to the test samples, the following controls were included: no template controls with TS only, 
ACX only, and TS/ACX primers combined, as well as a HeLa cell line (ATTC CCL-2) heat-inactivated 
negative control, and a HeLa positive control (very high telomerase activity). 

 
Telomere Fluorescence in situ Hybridization (Telo-FISH). Prepared slides with metaphase 

chromosome spreads were hybridized with a fluorescently-labeled telomere probe as previously described 
(24). Briefly, slides were washed in PBS for 5 min, dehydrated through a cold ethanol series (75%, 85% 
and 100%) for 2 min each, and air dried. Slides were then denatured in 70% formamide/2x sodium chloride 
and sodium citrate (2xSSC) at 75°C for 2 min, followed by a second cold ethanol series. A hybridization 
mixture containing a G-rich (TTAGGG3) peptide nucleic acid (PNA) telomere probe directly labeled with 
Cyanine-3 (Cy3; Biosynthesis) was prepared by diluting 0.5 µL probe [5nM final concentration] in 36 µL 
of formamide, 12 µL of 0.5 M pH 7.5 Tris-HCl, 2.5 µL of 0.1 M KCl, and 0.6 µl of 0.1 M MgCl2; mixture 
was incubated at 75°C for 5 min, then 50 µL applied to each slide. Coverslips were sealed with rubber 
cement and slides incubated at 37 °C for 18 h. After hybridization, slides were washed in a series of 43.5°C 
washes for three min each: washes one and two: 50% formamide in 2x sodium chloride and sodium citrate 
(2xSSC); washes three and four: 2x SSC; and washes five and six: 2x SSC plus 0.1% Nonidet P-40. Slides 
were counterstained with 50 µL DAPI in Prolong Gold Antifade (ThermoFisher #P36931), coverslipped, 
and stored at 4°C. 

 
Metaphase spreads (30-50 per sample) were imaged on a Nikon Eclipse Ni-U epifluorescent 

microscope equipped with an Andor Zyla 5.5 sCMOS camera and SpectraX LED light source. Stacked 
images (5 images/stack, 0.3 μm step size) were taken of each metaphase spread. Fluorescence intensity was 
then quantified using the ImageJ (http://rsb.info.nih.gov/ij/) plugin, Telometer 
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(http://demarzolab.pathology.jhmi.edu/telometer/index.html), and normalized using the mouse lymphoma 
control cell line, LY-S [as per (89)]. 

  
Directional Genomic Hybridization (dGH). High resolution detection of inversions and translocations 

was performed utilizing Directional Genomic Hybridization (dGH) single color (Cy-3) whole chromosome 
1-3 paints (KromaTiD Inc., Ft. Collins, CO) as previously described (29, 30). Briefly, prepared slides with 
metaphase chromosomes substituted with bromonucleotides (BrdU/BrdC) were submersed in Hoechst 
33258 (Millipore Sigma #B1155) for 15 min, selectively photolysed using a SpectroLinker UV Crosslinker 
equipped with 365 nm UV bulbs for 35 min, and then the nicked DNA was exonucleolytically degraded 
with Exonuclease III (New England Biolabs #M0206L) for 30 min. Hybridization cocktail was applied to 
the slides, which were coverslipped and sealed using rubber cement, then denatured at 68°C for three min. 
Slides were hybridized overnight at 37°C followed by five washes in 2x SSC at 43°C prior to imaging. 
Metaphase spreads were imaged on a Nikon Eclipse Ni-U epifluorescent microscope equipped with an 
Andor Zyla 5.5 sCMOS camera and SpectraX LED light source. Stacked images (5 images/stack, 0.3 μm 
step size) were taken of ~ 50 metaphase spreads per sample. Statistical significance was established using 
a two-tailed Student’s t-test or one-way ANOVA for multiple comparisons on GraphPad Prism 5 software 
for Windows. Normality was assessed prior to running the t-tests. A Wilcoxon rank sum test was used to 
test for significant differences in medians between telomere length RFI distributions.  
 
 
Whole genome bisulfite sequencing (WGBS)  
 

Library preparation. WGBS single indexed libraries were generated using NEBNext Ultra DNA 
library Prep kit for Illumina (New England BioLabs, Ipswich, MA, USA) according to the manufacturer's 
instructions with modifications. Genomic DNA (300 ng) was quantified with the Qubit dsDNA BR assay 
(Invitrogen, Carlsbad, CA, USA) and fragmented using a Covaris S2 sonicator to an average insert size of 
350 bp. Size selection was performed using AMPure XP beads and insert sizes of 300-400 bp were isolated. 
Samples were bisulfite converted after size selection using EZ DNA Methylation-Gold Kit (Cat# D5005, 
Zymo, Irvine, CA, USA) following the manufacturer’s instructions. Amplification was performed after the 
bisulfite conversion using Kapa Hifi Uracil+ (Cat# KK282, Kapa Biosystems, Boston, USA) polymerase 
using the following cycling conditions: 98°C 45s; 10 cycles of 98°C 15s, 65°C 30s, 72°C 30s; and 72°C 
one min. 

 
Final libraries were analyzed on a 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA) using the High-

Sensitivity DNA assay for quality control purposes. Libraries were quantified by qPCR using the Library 
Quantification Kit for Illumina sequencing platforms (Cat# KK4824, KAPA Biosystems, Boston, USA), 
using a 7900HT Real Time PCR System (Applied Biosystems).  Each library was sequenced in one lane 
with Illumina HiSeq2500 sequencer using 125 bp paired-end reads and 10% PhiX spike-in. Sequencing 
statistics are included in Table S11. 

 
Mapping and quality control of WGBS reads. Trim Galore! (v0.4.0; 

http://www.bioinformatics.babraham.ac.uk/projects/trim_galore/) was used to quality-trim reads and trim 
adapter sequences using the following parameters: trim_galore -q 25 --paired ${READ1} ${READ2}. 
These trimmed reads were then aligned to the hg19 build of the human genome (including autosomes, sex 
chromosomes, mitochondrial sequence, and lambda phage (accession NC_001416.1) but excluding non-
chromosomal sequences) by employing Bismark (90) (v0.14.3) with the following alignment parameters: 
bismark --bowtie2 -X 1000 -1 ${READ1} -2 ${READ2}. Using the reads aligned to the lambda phage 
genome, all libraries were estimated to have a bisulfite conversion rate > 99%. 
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The bismark_methylation_extractor tool of Bismark (90) was used to summarize the number of reads 
supporting a methylated cytosine and the number of reads supporting an unmethylated cytosine for every 
cytosine in the reference genome. To do so, the M-bias (91) of the libraries were first computed and visually 
inspected and resulted in ignoring the first 2 bp of read1 and the first 4-12 bp of read2 depending on the 
sample (e.g. bismark_methylation_extractor  --ignore 2 --ignore_r2 4). The final cytosine report file 
summarizes the methylation evidence at each cytosine in the reference genome.  

 
BSmooth was applied to the Bismark results to estimate CpG methylation levels as previously 

described (91). Smoothing over windows of at least 1 kb containing at least 20 CpGs was applied and all 
CpGs that had a sequencing coverage of at least 5 in all 8 samples were analyzed. These data were then 
used to perform principal component analysis (PCA). In addition, informME (v0.2.2), an information 
theoretic approach to methylation modeling and analysis (33, 92) was applied to compute mean methylation 
levels (MMLs) as measures of average methylation, normalized methylation entropies (NMEs) as measures 
of methylation stochasticity, and Jensen-Shannon distances (JSDs) as measures of epigenetic dissimilarities 
between samples. 

 
The gene ranking function, rankGenesEmpNull, of informME v0.2.2, was employed to rank all genes 

in the genome that are subject to epigenetic discordance in methylation for all relevant comparisons. This 
function performs ranking by using the JSD values within a fixed window (here 2 kb upstream and 5 kb 
downstream of the transcription start site, TSS) and hypothesis testing. The required null distribution was 
computed empirically by comparing the two subjects preflight. To combine multiple ranked lists into a 
single ranking, the rank product method was used (93). Moreover, gene ontology (GO) enrichment analysis 
was performed using GOrilla's single ranked lists method with the "fast mode" option disabled (94, 95). 
GO categories with fewer than five genes in the GO database or with a q-value greater than 0.05 were 
removed. 

 
 

Transcriptome Preparation, Sequencing, and Analysis 
 

RNA-seq library preparation and sequencing for Ribodepleted RNA. RNA Ribo-depletion 
preparations were performed with the NEBNext® Ultra™ II Directional RNA Library Prep Kit for 
Illumina® (E7760/E7765) and NEBNext rRNA Depletion Kit (NEB #E6310) as well as hemoglobin 
depletion reagents (courtesy of New England Biolabs) according to product manuals. Input RNA was high-
quality (RIN ~8-9) so the full fragmentation time (15 minutes) was applied. 25 ng of input RNA was used 
for all samples; adapters were diluted 25-fold during library preparation steps. Universal Human reference 
RNA (UHRR) with ERCC spike-in was used as control RNA to ensure library quality. No size selection 
step was applied during any bead cleanups for these samples. 13 cycles of PCR were optimal for this input, 
generating sufficient library for sequencing without overproduction of PCR duplicates. Sample indexing 
was carried out with the NEBNext® Multiplex Oligos for Illumina® (96 Index Primers) barcode plate 
(E6609S) as well as additional standard barcodes (#10-15, 18-23, 27-28 from Multiplex Oligos for 
Illumina® Index Primers Sets 1,2,3 [E7335S,E7500S,E7710S]), and all samples were sequenced as one 
pool across two full flow cells, PE 150x150 on the Illumina HiSeq4000. 

 
RNA-seq library preparation and sequencing for PolyA RNA. PolyA RNA preparations were 

performed with the NEBNext® Ultra™ II Directional RNA Library Prep Kit for Illumina® (E7760/E7765) 
and NEBNext Poly(A) mRNA Magnetic Isolation Module (NEB #E7490). Input RNA was high-quality 
(RIN ~8-9; Table S9, however, longer fragments were desired for this approach so a shorter fragmentation 
time (8 min) was applied. 50 ng of input RNA was used; adapters were accordingly diluted 25-fold during 
library preparation steps. UHRR with ERCC spike-in was again used as control RNA to ensure library 
quality. In accordance with the desired longer library inserts, a size selection step was applied during the 
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bead cleanup just prior to PCR for these samples: 20 uL of magnetic SPRIselect beads were added to the 
ligation reaction to remove the largest fragments only. The supernatant was transferred to clean tubes and 
10 uL of fresh beads were added. Magnetic separation, subsequent supernatant aspiration, and wash steps 
were carried out normally. Sixteen cycles of PCR were used to generate sufficient library for sequencing. 
Sample indexing was carried out with the NEBNext® Multiplex Oligos for Illumina® (96 Index Primers) 
barcode plate (E6609S) as well as additional standard barcodes (#10-15, 18-25, 27-29) from Multiplex 
Oligos for Illumina® Index Primers Sets 1,2,3 [E7335S,E7500S,E7710S]) and all samples were sequenced 
as one pool across two full flow cells, PE 150x150 on the Illumina HiSeq4000. RNA-sequencing statistics 
are included in Table S9. 

 
Purified and bulk-cell populations from both twins were processed for for RNA-sequencing libraries 

(polyA and ribo-seq) using standard NEB protocols and matching input amounts for all samples, including 
with randomized barcodes, library preparation protocols, and a uniform pool of samples for sequencing to 
minimize any batch effects. QC was performed using FastQC and MultiQC on the raw and processed files 
(96, 97). Adapter removal was performed using Trim Galore! (v0.4.1) (98, 99). Reads were aligned to hg19 
genome and Gencode v19 gene reference (including ERCC spike-in contigs, Thermofisher Cat.# 4456740) 
with STAR transcriptome aligner (v2.5.1b) using two-pass alignment (where the second-pass reference to 
fine tune junction points was created by pooling junctions of all samples together) (100, 101). Aligned reads 
were quantified using subread featureCounts and kallisto on ENSEMBL transcripts and summarizing 
results from each transcript into their respective genes (102-104). Same process was followed for UHRR 
control samples and ambient control samples. 

 
Differential gene expression analysis was performed using DESeq2 on uncorrected and unnormalized 

gene counts (105). Main analysis for Fig. 1B was performed using all samples together to control for 
subject, Inflight and Postflight specific changes and effects of ambient return. In this comparison, all 
samples of HR were taken as to control the normal variance within gene expression levels during the year-
long period. Preflight samples from TW were used to set the baseline expression for TW. Inflight and 
postflight samples of TW were compared to these baselines in a multivariate model, also accounting for 
ambient return effects as mentioned below. Each cell type was treated separately. Two different library 
preparations for PolyA+ and rRNA depletion were combined together with an added covariate in the 
multivariate model. Other, more specific comparisons were also performed, for example comparing Inflight 
period to pre- and postflight periods in TW. Details for these comparisons and results are provided in Table 
S2. The number of genes that stayed perturbed after landing were calculated as any gene that was not 
differentially expressed in “Inflight vs Postflight” comparison but was significantly differentially expressed 
in at least two out of three comparisons that include “Inflight vs Preflight”, “Postflight vs Preflight” and 
“Inflight+Postflight vs Preflight”, all matching in the directionality of gene expression change (q < 0.05). 
This list was further filtered by removing any gene that was differentially expressed between TW preflight 
and all HR samples. This was done to remove any gene that might be altered during TW preflight prior to 
launch, but returned to baseline levels comparable to HR during inflight and postflight. This resulted in 744 
genes across CD4, CD8, and LD cells that were altered during flight and stayed perturbed postflight. 
PBMCs were excluded from this analysis due to missing preflight samples. 

 
Differential gene expression results were sorted by the wald statistic from DESeq2 output and Gene 

Set Enrichment Analysis (GSEA) was performed using fgsea on Molecular Signatures Database and MGI 
Mouse Phenotypes (106-109). Results were filtered for q < 0.01 and reported in Table S2. 

 
All inflight samples for TW in CD4, CD8, CD19 and LD cells were ambient returns. R+0 sample 

immediately after landing was used to model the effects of ambient return without fully confounding the 
term with inflight duration. GD 298 sample for HR was also subjected to shipping prior to processing at an 
ambient temperature.  
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In differential expression analysis multivariate models, a term was added that included ambient and 

fresh samples for TW, HR as well as the simulated ambient control for a given cell type and library 
preparation to correct any systematic changes to gene expression that might arise due to ambient return. In 
comparisons where not all subjects would be included (such as late-flight vs early-flight just for TW), a 
minimal set of ambient return correction samples were included (HR: GD 298 (AR-like), GD+2 FR, GD+65 
FR; TW: FD 340 (AR), R+0; in addition to the fresh and simulated ambient samples from the control 
subject). 

 
For other analyses and visualization gene counts were normalized using TMM (110). In CD4, CD8, 

CD19 and LD cells where expression results were confounded by ambient return, ComBat was used to 
correct for the potential batch effect. Correction was carried out using AR, FR samples from HR and TW, 
as well as the additional control subject (111, 112). To ensure unbiased results the correction was applied 
by subject identity (TW, HR or control subject) and was blinded to flight status and other covariates of 
interest (113). Unsupervised embedding of samples was performed using t-statistic distributed stochastic 
neighbor embedding (t-SNE) on TMM normalized and ambient return corrected expression values, shown 
in Fig. S2 (114). 

 
Quantification of mtRNA by RT-qPCR: 100ng RNA per sample was reverse transcribed using the 

iScript Advanced cDNA synthesis kit (Bio-Rad) as per manufacturer’s instructions. The synthesized 
cDNA was diluted 1:4 in water and quantitative PCR was performed in triplicate with the Power SYBR 
Green PCR master mix (Thermo-Fisher) using the QuantStudio 6 Flex RT-PCR system. The sequences of 
primers used for RT-qPCR were: MT-CO1 forward primer (5’-CAGCAGTCCTACTTCTCCTATCTCT-
3’) and reverse primer (5’-GGGTCGAAGAAGGTGGTGTT-3’), 18S forward primer (5’-
GGCCCTGTAATTGGAATGAGTC-3’) and reverse primer (5’-CCAAGATCCAACTACGAGCTT-3’), 
and GAPDH forward primer (5’-AAGGTGAAGGTCGGAGTCAAC-3’) and reverse primer (5’-
GGGGTCATTGATGGCAACAATA-3’). 

 
 

T-Cell Receptor (TCR) sequencing 
 

Samples were obtained from the pair of identical twins before and ~10 days after a trivalent Influenza 
Vaccine (3 strains, 2015 Fluzone intradermal from SANOFI PASTEUR INC.; see Table S1 for dates of 
collection) flu immunization over a three-year period. One of the twins was sampled on Earth years 1 and 
3, the year 2 sample was collected in the International Space Station (ISS) while the other twin was sampled 
on Earth all 3 years. For samples collected on earth, CD4+ and CD8+ T cells were separated and repertoires 
for these cell populations analyzed independently. Because the samples from space were frozen, we also 
froze samples collected on Earth for comparison. The frozen sample was expected to give a mix of CD4+ 
and CD8+ repertoires. 

  
Total RNA of CD4+ and CD8+ cells from fresh blood and RNA from CPT frozen blood were used to 

amplify TCR-α/β repertoires covering both the V and J segments (115). The libraries of amplified α and β 
repertoire were sequenced by Illumina high throughput sequencing system 2x150 HiSeq4000. Briefly, the 
quality of raw FASTQ files were assessed using FASTQC (97). Post quality control, FLASH was used to 
merge the paired end reads (116). Blast databases were constructed from IMGT TCR α/β sequences using 
local blast binaries (117). The resulting fasta file was used to query the BLAST database and identify the 
TCR C, J & V Regions. The CDR3s were extracted and their frequency along with usage of V, J families 
was computed. Vaccination responsive clones were identified by matching CDR3s pre-and post-vaccination 
for each subject and cell type, with z scores as measures of change using a one tailed approach.  
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A 5% False Discovery Rate threshold was calculated and clones that met this threshold considered 
vaccination-responsive clones. CD4+ and CD8+ cells profiled in both subjects year 1 and year 3 (i.e. ground 
time points) bracketing year 2 (when the space mission occurred) were used in each subject to determine 
clones that were consistently responsive to vaccination within CD4+ and CD8+ cell subsets. These series 
of responsive clones were next used to quantify vaccine responses in each subject during season 2, in flight 
for twin 1 and on ground twin 2 using CPT tubes (fresh cells could not be isolated in the ISS). Because 
Year 2 in-flight post-vaccination frozen CPT samples had poor TCR diversity and yield due to harsh 
conditions in the space station, TCR clones were down-sampled for the on-ground year 2 frozen CPT to the 
number of clones that were vaccination responsive in year 2 in-flight subject. In TW (the flight subject) for 
inflight vaccination timepoints, we identified 291 (3.7%) and 192 (1.6%) clones as increased from TCR 
alpha and beta respectively in the CPT tube. We used these numbers to downsample the ground-based 
twin’s CPT season 2 vaccination clones, while we initially identified 547 (1.4%) and 2,516 (4.3%) clones 
as increased from TCR alpha and beta respectively in the CPT tube in the season 2 ground-based 
vaccination, we downsampled these to the top 291 and 192 clones from alpha and beta respectively. This 
ensured fair comparison. The proportion of vaccination responsive CPT clones (year 2) in both flight and 
ground subject (present in each respective CD4+/CD8+ vaccination responsive database of each subject, 
see above) were finally compared between the flight and ground subjects. 

 
 

Proteomics 
 

Targeted Urine Proteomics. An LC-MS/MS based targeted proteomic approach was applied to assess 
24 hour pooled urine samples targeting a panel of 20 proteins which are found detectable in urine samples 
derived from healthy subjects and individuals with pathological conditions:  podocalyxin (PODXL), renin 
receptor (RENR), urokinase-type plasminogen activator (UROK),  pro-epidermal growth factor (EGF),  
Collagen alpha-1(I) chain (CO1A1), Collagen alpha-1(III) chain (CO3A1), Intercellular adhesion molecule 
1 (ICAM1), Cathepsin D (CATD), Matrilysin (MMP7), Insulin-like growth factor-binding protein 3 (IBP3), 
Insulin-like growth factor-binding protein 2 (IBP2), Vascular cell adhesion protein 1 (VCAM1), Connective 
tissue growth factor (CTGF), Syndecan-4 (SDC4), Aquaporin-2 (AQP2), Selenoprotein P (SEPP1), 
Urokinase plasminogen activator surface receptor (UPAR), Insulin-like growth factor-binding protein 7 
(IBP7), Endothelial cell-selective adhesion molecule (ESAM), Cytosolic non-specific dipeptidase 
(CNDP2). Urine (0.2 mL) was supplemented with 1 μg of α-amylase from Aspergillus oryzea, which helps 
provide bulk protein to optimize protein precipitation and helps control for the variability in digestion from 
sample to sample. Ice-cold acidified methanol:acetone 50%:50% (v:v, 0.8 mL) was used to precipitate 
proteins for 24 h at -20°C. Precipitated proteins are dried under vacuum and then reconstituted in 0.5% 
sodium deoxycholate in 50 mM ammonium bicarbonate. Proteins were reduced in 5 mM dithiothreitol for 
1 h at 60°C, alkylated in 15 mM iodoacetamide for 30 min at room temperature in the dark, and then digested 
with 1 μg trypsin (Worthington Biomedical, Lakewood, NJ) for 2 h at 37°C with shaking (Thermomixer, 
1400 rpm). Deoxycholate was precipitated by the addition of HCl (final concentration of 200 mM), which 
was removed by centrifugation. The supernatant was desalted using solid phase extraction (HLB μElute 
plate, Waters, Milford, MA). The eluted peptides were dried under vacuum and reconstituted in 5% 
acetonitrile in 0.1% formic acid, which was then spiked with internal standard peptides. Proteins of interest 
were quantified using LC-MS/MS on a Thermo Orbitrap mass spectrometer coupled to an Easy-nLC liquid 
chromatography system (Thermo Scientific, Waltham, MA). Selected peptides from the proteins of interest 
were monitored by selecting their precursor ions in the isolation quadrupole (selection window 1.5 Da) and 
full scan MS/MS after HCD fragmentation (NCE 27) in the Orbitrap analyzer using the lowest resolution 
(17,500) setting to increase scan rate. Scheduled acquisition with five-minute acquisition windows were set 
up for each peptide precursor using Skyline software (118), allowing a maximum of 30 concurrent PRM 
experiments at any given time. Acquired data was then processed in Skyline and automated integration was 
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manually checked for each peptide chromatogram.  Data Processing: Acquired data was then processed in 
Skyline and automated integration is manually checked for each peptide chromatogram.    

 
Untargeted Urine Proteomics. The digested peptides  (375 ng) were injected on a trap column (40 x 

0.1 mm, Reprosil-Pur 120  C18-AQ, 5 um, Dr.Maisch GmbH, Germany), desalted for 5 min at a flow of 4 
μL/min and separated on a pulled tip analytical column (250 x 0.075 mm, Reprosil-Pur 120  C18-AQ,, 5 
um, Dr. Maisch GmbH, Germany) with a three-segment linear gradient of acetonitrile, 0.1%FA (B) in 
water,0.1%FA (A) as follows: 0-3 min 1-7%B, 3-53 min 7-25%B, 53-60 min 25-35%B followed by column 
wash at 80% B and reequilibration at a flow rate 0.4 uL/min (Waters NanoACQUITY UPLC).  Analysis 
using the data independent acquisition was performed in two steps. A chromatogram library, peptide and 
protein identification and spectral library was performed with narrow mass window selection for the 
MS/MS (2 m/z) on a pooled sample. The study samples were analyzed with a wider mass window selection 
for MS/MS (10 m/z). The data independent analysis was performed on Orbitrap Fusion Lumos (Thermo 
Scientific) as follows: single full scan MS1 is acquired over m/z range 395-1005 at resolution 120,000 
followed by 60 MS/MS spectra with a 10 m/z window selection stepped over the range 400-1000 with HCD 
fragmentation mode (NCE 30) and MSMS acquisition in the Orbitrap analyzer at resolution 17,500. For 
Chromatogram library generation a sample pooled across multiple subjects and timepoints was analyzed in 
a similar fashion in 6 separate injections with the DIA acquisition using 2 m/z window over m/z ranges 
400-520, 520-640, 640-760, 760880, 880-1000.   Data processing: A spectral library of identified peptides 
and proteins was generated using a pipeline combining two approaches – a combination of DIA Umpire to 
extract MS/MS spectra followed by a Comet database search, and a direct approach using PECAN (119) 
lemented in EncyclopeDIA (120)  Proteins and peptides were then quantified in each sample using 
EncyclopeDIA and Skyline (118, 120) using with an mProphet probability scoring algorithm 
(http://mprophet.org) and are filtered at q-value=0.01 to generate list of quantifiable peptides and proteins 
together with corresponding quantitative responses. The data was further processed and quantified in 
Skyline and mapDIA (121) software packages. Individual protein and peptide responses were exported for 
further statistical analysis.  Peak areas for each endogenous peptide were normalized to internal standard 
peptides from a stable isotope-labeled internal standard proteinthe α-amylase protein standard to generate 
a peak area ratio for each peptide in each sample.  Peak area ratios for each protein were averaged, and 
protein peak area ratios then normalized to protein peak area ratios for calibrator samples included in each 
digestion batch.  The resulting calibrated protein peak area ratios were used as relative concentrations of 
each protein.   

 
Untargeted plasma proteomics. Plasma proteins were reduced by 5 mM tris(2-carboxyethyl)phosphine 

and alkylated using 10 mM iodoacetamide. They were then digested by trypsin using 1:20 protein ratio. 
Tryptic peptides of plasma samples were separated on a NanoLC™ 425 System (SCIEX). 5 ul/min flow 
was used with trap-elute setting using a 0.5 x 10 mm ChromXP™ (SCIEX). LC gradient was set to a 43-
minute gradient from 4-32% B with 1 hour total run.  Mobile phase A was 100% water with 0.1% formic 
acid. Mobile phase B was 100% acetonitrile with 0.1% formic acid. 8ug load of undepleted plasma on 15cm 
ChromXP column. MS analyses were performed using SWATH®Acquisition on a TripleTOF®6600 
System equipped with a DuoSpray™Source and 25 μm I.D. electrode (SCIEX). Variable Q1 window 
SWATH Acquisition methods (100 windows) were built in high sensitivity MS/MS mode with Analyst®TF 
Software 1.7. 

 
Peakgroups from individual runs were statistically scored with pyProphet and all runs were aligned 

using TRIC to produce a final data matrix. Protein abundances were computed as the sum of the three most 
abundant peptides (top3 method). After log-transformation and scaling by median count, a linear model 
was fit to the data. The false discovery rates (FDRs) were estimated using the “p.adjust” function in R. 
Proteins were considered discriminant when the adjusted p-value was below 0.05. 
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Cytokine assays. Levels of circulating cytokines in the blood were measured using a 63-plex Luminex 
antibody-conjugated bead capture assay (Affymetrix) that has been extensively characterized and 
benchmarked by the Stanford Human Immune Monitoring Center (HIMC). Human 63-plex kits were 
purchased from eBiosciences/Affymetrix and used according to the manufacturer’s recommendations with 
modifications as described below. Briefly, beads were added to a 96-well plate and washed using a Biotek 
ELx405 washer. Samples were added to the plate containing the mixed antibody-linked beads and incubated 
at room temperature for 1 h followed by overnight incubation at 4 °C with shaking. Cold and room 
temperature incubation steps were performed on an orbital shaker at 500-600 rpm. Following the overnight 
incubation, plates were washed using a Biotek ELx405 washer and then biotinylated detection antibody 
added for 75 min at room temperature with shaking. The plate was washed as above and streptavidin-PE 
was added. After incubation for 30 min at room temperature, a wash was performed as above and reading 
buffer was added to the wells. Each sample was measured in duplicate. Plates were read using a Luminex 
200 instrument with a lower bound of 50 beads per sample per cytokine. Custom assay control beads by 
Radix Biosolutions were added to all wells. After log-transformation and scaling by median count, linear 
models were fit to the data. The false discovery rates (FDRs) were estimated using the “p.adjust” function 
in R. Cytokines were considered discriminant when the adjusted p-value was below 0.05. Functional term 
enrichments were identified using the web-based tool DAVID (122). 

 
 
Metabolomics 

 
Targeted Urine and Plasma Metabolomics. Analysis were performed on plasma and 24 h urine 

samples on a gas chromatography coupled to tandem mass spectroscopy (GC-MS/MS). Tandem mass 
spectroscopy used in this analysis overcomes common limitations of multiple analytes of same molecular 
mass and retention time and endogenous matrix interference, thus allowing accurate identification and 
quantification in multiple reaction monitoring (MRM) mode. Approximately 80 organic acid metabolites 
were simultaneously analyzed and quantified using calibrations curves. The panel of metabolites have been 
previously linked to inborn errors of metabolism and correspond to 37 different metabolic pathways. Major 
pathways include TCA cycle, amino acid and fatty acid metabolism, ketone bodies, hypoxia and oxidative 
stress. Samples were randomized in excel and analyzed in a semi-blinded manner in a way that longitudinal 
samples corresponding to each subject were analyzed in the same batch to avoid batch variation. Urine 
samples were aliquoted into 500 ul volume and frozen at -80 °C. All analyses were carried out in samples 
that were limited to less than 3 freeze thaws. Prior to metabolomic analysis urine creatinine concentrations 
were determined using Creatinine assay kit from Cayman chemicals following manufacturer’s protocol. 
For GC-MS analysis urine samples equivalent to 0.5 uM creatinine were combined with internal standard 
(IS) mix (mix of 10 heavy isotope labeled organic acids under analysis or structurally similar compounds) 
were derivatized with pentafluorobenzyl hydroxylamine to oximate ketoacids and lyophilized overnight. 
Subsequently, the organic acids were extracted by solid phase extraction on silica (42% 2methyl-2-butanol 
in chloroform) and dried under Nitrogen. The dry residue was silylated with 1:1 mix of Trisil + N,O-bis 
(trimethylsilyl) trifluoroacetamide at 60 °C for 2 h and  1 μL of the derivatized sample were injected using 
CP8400 liquid  autosampler into a PTV injector maintained at 300 °C in a splitless mode. The compounds 
were separated onto a 20 m x 0.36 µm column (Agilent DB-5) at 80 °C in a gas chromatogram (Bruker 
Scion 436 GC) and eluted with helium gas at a temperature gradient of 80 to 300 ºC over 20 min.  Following 
electron ionization target metabolites were analyzed by electron ionization on an E VOQ ScionTriple 
quadrupole mass spectrometer equipped with extended dynamic range detector.  Each analyte was identified 
based on their MRM transitions and confirmed based on the ratios of qualifying and quantifying ions. 
Metabolite concentrations were calculated from calibration curves developed for each analyte using similar 
protocol with purified compounds. Metabolite peak areas were normalized to internal standard peak areas 
to adjust for technical variation. A pooled healthy urine or plasma sample was run after every 8 samples in 
each batch to be used as a control to adjust for instrument drift.   For plasma metaobolomics, metabolites were 
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extracted from 200 µl of plasma samples that were deproteinated with 800 µl of acetonitrile. The organic layer was 
evaporated under nitrogen and derivatized as described above for urine samples. 

 
Untargeted plasma metabolomics. Plasma metabolites were profiled using a broad-spectrum LC-MS 

platform as previously described (18, 123). Briefly, metabolites were extracted using 1:1:1 
acetone:acetonitrile:methanol, evaporated to dryness under nitrogen and reconstituted in 1:1 
methanol:water before analysis. Metabolic extracts were analyzed four times using HILIC and RPLC 
separation in both positive and negative ionization modes. Data were acquired on a Thermo Q Exactive 
plus mass spectrometer for HILIC and a Thermo Q Exactive mass spectrometer for RPLC. Both instruments 
were equipped with a HESI-II probe and operated in full MS scan mode. MS/MS data were acquired on 
pool samples consisting of an equimolar mixture of all the samples comprised in the study. HILIC 
experiments were performed using a ZIC-HILIC column 2.1 x 100 mm, 3.5 μm, 200Å (Merck Millipore) 
and mobile phase solvents consisting of 10 mM ammonium acetate in 50/50 acetonitrile/water (A) and 10 
mM ammonium acetate in 95/5 acetonitrile/water (B). RPLC experiments were performed using a Zorbax 
SBaq column 2.1 x 132 50 mm, 1.7 μm, 100Å (Agilent Technologies) and mobile phase solvents consisting 
of 0.06% acetic acid in water (A) and 0.06% acetic acid in methanol (B). Data quality was ensured by (i) 
sample randomization for metabolite extraction and data acquisition, (ii) injection of 12 and 6 pool samples 
to equilibrate the LC-MS system prior to run the sequence for HILIC and RPLC respectively, (iii) injection 
of pool samples every 8-10 injections to control for signal deviation with time, (iv) discarding features from 
solvent blanks, (v) checking mass accuracy, retention time and peak shape of internal standards in every 
sample. 

 
Untargeted LC-MS metabolomics data were processed using an in-house data analysis pipeline written 

in R (version 3.0.1). Metabolite features (characterized by a unique mass/charge ratio and retention time) 
were extracted, aligned and quantified with the “XCMS” package (version 1.39.4) after conversion of 
.RAW files to .mzXML using the ProteoWizard MS convert tool. Grouping and annotation were performed 
with the “CAMERA” package (version 1.16.0). Metabolic features from blanks and that didn’t show 
sufficient linearity upon dilution were discarded. Only metabolic features present in >33% of the samples 
were kept for further analysis and missing values were imputed using the k-nearest neighbors method. MS 
signal variation was corrected using the LOESS normalization method on pool samples injected repetitively 
along the sequence. This resulted in 4,162 metabolic features. Of these, 719 metabolites were confidently 
identified by matching retention time and/or fragmentation spectra to an in-house database comprised of 
formally identified metabolites based on authentic standards and public repositories. After log-
transformation and scaling by median count, a linear model was fit to the data. The false discovery rates 
(FDRs) were estimated using the “p.adjust” function in R. Metabolites were considered discriminant when 
the adjusted p-value was below 0.05.  
 
 
Mitochondrial respiration assay 
  

Oxygen consumption rates (OCR) from a monolayer of adherent L6 cells (rat skeletal muscle cell line 
purchased from ATCC Cat. # CRL-1458), was measured using the Seahorse XF96 analyzer. The L6 cells 
were seeded at 20,000 cells/well (passage 3-4) on a 96 well tissue culture plate (Seahorse Biosciences, 
North Billerica, MA, USA) 24 h before the OCR measurements. The intact cells were incubated at 37 oC 
for 1 h with XF media supplemented with 10 mM glucose, 1 mM sodium pyruvate, 2 mM L-glutamine, pH 
7.4. The bioenergetic profile was derived by acutely injecting ground twin or flight twin astronaut plasma 
(5%) through the first of the 4 injection ports followed by the modulators of the electron transport chain. 
We utilized Oligomycin (1 uM) to achieve maximal respiration through uncoupling and inhibition of 
complex I and III through Rotenone/Antimycin A (0.5 uM), a complex I inhibitor. The OCR was calculated 
by plotting the O2 tension of the media as a function of time (pmol/min). 
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Measurement of circulating cell-free mtDNA 
 

The frozen plasma was thawed at 37C for 5min and spun at 16000g for 10 minutes at 4C to remove 
cryo-precipitates. The volume of each plasma sample (0.250ml – 1.000ml) was brought up to 1ml using 
sterile, nuclease-free 1X phosphate buffered saline pH 7.4. Circulating cell-free nucleic acid (ccfNA) was 
extracted using the Qiamp Circulating Nucleic Acid kit (Qiagen, USA) following the manufacturer’s 
protocol. ccfNA was extracted in 50ul AE buffer. Concentration and size distribution information was 
obtained by running 1ul of ccfNA on the Agilent Bioanalyzer using the High Sensitivity DNA chip (Agilent 
technologies, CA, USA). 15µL of plasma was then used for mitochondrial DNA quantitation. The levels of 
mitochondrial DNA in isolated plasma DNA were measured by SYBR Green dye-based qPCR assay using 
7500 Real Time RCR systems (Applied Biosystems) (124). The primer sequences were as follows: human 
NADH dehydrogenase 1 gene (hu mtNd1): forward 5’-ATACCCATGGCCAACCTCCT-3’, reverse 5’- 
GGGCCTTTGCGTAGTTGTAT-3’ (124). Plasmid DNA with complementary DNA sequences for human 
mtDNA was obtained from ORIGENE (SC101172). Concentrations were converted to copy number using 
the formula; mol/gram×molecules/mol = molecules/gram, via a DNA copy number calculator 
(http://cels.uri.edu/gsc/cndna.html; University of Rhode Island Genomics and Sequencing Center). The 
thermal profile for detecting mtDNA was carried out as follows: an initiation step for 2 min at 50°C is 
followed by a first denaturation step for 10 min at 95°C and a further step consisting of 40 cycles for 15 s 
at 95°C and for 1 min at 60°C. MtDNA levels in all of the plasma analyses were expressed in copies per 
microliter of plasma based on the following calculation: c=Q x VDNA/VPCR x 1/Vext; where c is the 
concentration of DNA in plasma (copies/microliter plasma); Q is the quantity (copies) of DNA determined 
by the sequence detector in a PCR; VDNA is the total volume of plasma DNA solution obtained after 
extraction; VPCR is the volume of plasma DNA solution used for PCR; and Vext is the volume of plasma 
extracted. 

 
 

Biochemical Profile  
 
Blood and urine samples were collected, processed, and analyzed as previously described, with the 

exception of updating the cytokine measurement detection to the Magpix detection unit (13, 47, 125, 126). 
Dietary intake was estimated using a Food Frequency Questionnaire completed once weekly during flight 
(127, 128). Body mass was determined as previously described (46). 

  
 

Fluid Shifts Measures 
 

Optical Coherence Tomography. Optical coherence tomography (Spectralis HRA + OCT (Heidelberg 
Engineering, Heidelberg, Germany) was used to quantify optic nerve head tissue thickness and subfoveal 
choroid thickness before, during, and after spaceflight. The detailed methods to acquire and calculate 
choroid thickness measures have been previously discussed (129). Briefly, the OCT camera was mounted 
on a surgical arm to acquire images in the seated and supine postures, and an OCT camera was flown to the 
ISS.  

 
Ultrasound. Sonographic measurements were obtained using a standard ultrasound device (VividQ, 

GE Healthcare).  Pre- and postflight measures were acquired by a trained sonographer.  Inflight measures 
were obtained by the astronaut using remote guidance, a real-time two-way communication method with 
which the astronaut is guided through image acquisition by an expert sonographer on the ground. 
Ultrasound images of the internal jugular vein were obtained to quantify venous congestion due to the 
headward fluid shift.  The left internal jugular artery was imaged just below the confluence of the internal 
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jugular vein and the facial vein. Images were acquired at the end of quiet expiration. Forehead (midline) 
soft tissue thickness was measured to quantify fluid filtration into the tissue. Measurements at each site 
were obtained using a 12-5 MHz linear array transducer. All images were stored in triplicate for offline 
analysis using a custom software package (MatLab, MathWorks, Austin, TX). Images were analyzed by 
two trained sonographers blinded to each other’s results. If their results differed by more than 10%, a third 
sonographer analyzed the images. Measurements for images passing these quality assurance standards were 
averaged across sonographers. 

 
 

Carotid Artery Measurements 
 
In TW, data were acquired in the laboratory at 163 and 72 days before launch, during spaceflight on 

the ISS at flight days 13, 74, 181, 238, 299, and 332, and 4 days after landing (see Table S1 for 
details).  Pre- and postflight data collection consisted of ultrasound measurements from the carotid artery 
acquired by a trained sonographer as well as biomarkers measured in a single, fasted blood draw and in a 
urine sample from a 48-h pool. Inflight measurements were similar to ground-based data except that urine 
samples were drawn from a 24-h pool, and ultrasound images were acquired by the astronaut through 
remote guidance, a real-time two-way communication system with which the astronaut is guided through 
image acquisition by an expert sonographer on the ground. The same measurements were acquired from 
the ground-based twin at dates corresponding to the 66 days before launch (GD-66), at 190 d of flight for 
TW (GD 190), and 2 days after landing (GD+2). 

 
Pre-, in-, and postflight ultrasound images were acquired using standard sonography techniques (ASE 

standards) using a commercially-available ultrasound system (VividQ, GE Healthcare).  All images were 
stored in triplicate for offline analysis using a custom software package (MatLab, MathWorks, Austin, TX). 
Images were analyzed by two trained sonographers blinded to each other’s results. If their results differed 
by more than 10%, a third sonographer analyzed the images. Measurements for images passing these quality 
assurance standards were averaged across sonographers. During the first testing session in the laboratory, 
the sonographers determined the location for probe placement to acquire the best possible image and 
measured the distance from the earlobe to the top of the ultrasound probe. This distance was used in 
subsequent data collection sessions to determine probe location for consistency of anatomical measures. 

 
Intima-media thickness was defined as the distance from the lumen of the vessel to the border between 

the media and adventitia. Only the far wall intima-media thickness was measured.  Arterial diameter was 
defined as the distance from the near to the far wall border between media and adventitia and was measured 
during diastole (smallest diameter) and systole (largest diameter). Diastolic and systolic diameters were 
used to calculated arterial stiffness and compliance using accepted equations. 

  
 

Cognition Assays  
 
The computerized Cognition battery contains a subset of tests from a widely used and validated 

neurocognitive battery, the Penn Computerized Neurocognitive Battery (CNB) (130-132)  emphasizing 
cognitive domains of particular interest in spaceflight (executive function, spatial orientation, emotion 
recognition) as well as a number of additional tests that have either been used extensively in spaceflight 
(133, 134) or that assess other spaceflight critical functions. The 10 Cognition tests were modified to reflect 
the high aptitude and motivation of astronauts. These tests assess a range of cognitive domains, and the 
brain regions primarily recruited by each test have been previously established (52, 135). Cognition has 
been validated in both astronauts and astronaut surrogate populations (52, 136). A detailed overview of the 
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computerized Cognition battery can be found in Basner et al. (52). Here, we provide a brief description of 
each test (modified from (52), see Fig. 10A for screenshots). 

 
Motor Praxis (MP) Task. The MP task (137) was administered at the start of testing to ensure that 

participants have sufficient command of the computer interface, and immediately thereafter as a measure 
of sensorimotor speed. Participants were instructed to click on squares that appear randomly on the screen, 
with each successive square smaller and thus more difficult to track.  

 
Visual Object Learning Test (VOLT). The VOLT assessed participant memory for complex figures 

(138). Participants were asked to memorize 10 sequentially displayed three-dimensional figures. Later, they 
were instructed to select those objects they memorized from a set of 20 such objects also sequentially 
presented, half of them from the learning set and half of them new. 

 
Fractal 2-Back (F2B) Test. The F2B test (139) is a nonverbal variant of the Letter 2-Back. N-back 

tasks have become standard probes of the working memory system and activate canonical working memory 
brain areas. The F2B test consisted of the sequential presentation of a set of figures (fractals), each 
potentially repeated multiple times. Participants were instructed to respond when the current stimulus 
matched the stimulus displayed two figures ago. The current implementation used 62 consecutive stimuli. 

 
Abstract Matching (AM) Test. The AM test (140) is a validated measure of the abstraction and 

flexibility components of executive function, including an ability to discern general rules from specific 
instances. The test paradigm presented subjects with two pairs of objects at the bottom left and right of the 
screen, varied on perceptual dimensions (e.g., color and shape). Subjects were presented with a target object 
in the upper middle of the screen that they had to classify as belonging more with one of the two pairs, 
based on a set of implicit, abstract rules. The current implementation used 30 consecutive stimuli. 

 
Line Orientation Test (LOT). The LOT is a measure of spatial orientation that is derived from the well-

validated Judgment of Line Orientation Test (141). The LOT format consisted of presenting two lines at a 
time, one stationary while the other could be rotated by clicking an arrow. Participants could rotate the 
movable line until they perceived it to be parallel to the stationary line. The implementation used in this 
study had 12 consecutive line pairs that varied in length and orientation. 

 
Emotion Recognition Task (ERT). The ERT (131) is a measure of emotion identification. It presented 

subjects with photographs of professional actors (adults of varying age and ethnicity) portraying emotional 
facial expressions of varying types and intensities (biased towards lower intensities, and with the prevalence 
of emotion categories balanced within each version of the test). Subjects were given a set of emotion labels 
(“happy”; “sad”; “angry”; “fearful”; and “no emotion”) and had to select the label that best described the 
expressed emotion. The implementation in the study used 40 consecutive stimuli, with eight stimuli each 
representing one of the above five emotion categories. 

 
Matrix Reasoning Test (MRT). The MRT is a measure of abstract reasoning and consists of 

increasingly difficult pattern matching tasks (137). It is based on a well-known measure of general 
intelligence, the Raven Progressive Matrices (142) and recruits prefrontal, parietal, and temporal cortices 
(143). The test consisted of a series of patterns, overlaid on a grid. One element from the grid was missing 
and the participant had to select the element that fit the pattern from a set of alternative options. The 
implementation used in the study employed 12 consecutive stimuli. 

 
Digit-Symbol Substitution Task (DSST). The DSST (133) is a computerized adaptation of a paradigm 

used in the Wechsler Adult Intelligence Scale (WAIS-III). The DSST required the participant to refer to a 
displayed legend relating each of the digits one through nine to specific symbols. One of the nine symbols 
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appeared on the screen and the participant had to select the corresponding number as quickly as possible. 
The test duration was fixed at 90 s, and the legend key was randomly reassigned with each administration. 

 
Balloon Analog Risk Test (BART). The BART is a validated assessment of risk taking behavior (144). 

The BART required participants to either inflate an animated balloon or stop inflating and collect a reward. 
Participants were rewarded in proportion to the final size of each balloon, but a balloon popped after a 
hidden number of pumps, which changed across stimuli (144). The implementation used in the study had 
30 consecutive stimuli. The average tendency of balloons to pop was systematically varied between test 
administrations. This required the subjects to adjust the level of risk based on the behavior of the balloons. 
It prevented subjects from identifying a strategy during the first administrations of the battery and carrying 
it through to later administrations. 

 
Psychomotor Vigilance Test (PVT). The PVT records reaction times (RT) to visual stimuli that occur 

at random inter-stimulus intervals (145). Subjects were instructed to monitor a box on the screen, and press 
the spacebar once a millisecond counter appears in the box and starts incrementing. The reaction time was 
then displayed for one second. Subjects were instructed to be as fast as possible without hitting the spacebar 
in the absence of a stimulus (i.e., false starts or errors of commission). The PVT is a sensitive measure of 
vigilant attention, and has been well-established as a tool to detect acute and chronic sleep deprivation and 
circadian misalignment, conditions highly prevalent in spaceflight (146). The PVT has negligible aptitude 
and learning effects (147),  and is ecologically relevant as sustained attention deficits and slow reactions 
affect many real-world tasks (e.g., operating a moving vehicle) (148). In the current study, the Cognition 
battery contained a validated 3 min brief PVT-B with 2-5 s inter-stimulus intervals and a 355 ms lapse 
threshold (145). 

 
Both twins first watched a 30 min standardized familiarization video with the opportunity to ask 

questions afterwards. They then performed a first familiarization test bout on laptop computers calibrated 
for timing accuracy (ground model: Dell E5420; inflight model: Lenovo T61p). Both twins performed the 
Cognition battery 4 times preflight (including familiarization), 11 times inflight, and 3 times postflight 
(Table S1). Cognition administration was synchronized with blood draws whenever possible. 

 
Analyses concentrated on one main accuracy and one main speed outcome for each Cognition test. For 

most tests, the standard accuracy outcome was “percent correct” and the standard speed outcome was 
“average response time across all stimuli” (i.e., including correct responses, incorrect responses, and 
timeouts). All accuracy outcomes ranged from 0% to 100% with 100% representing best possible 
performance. For all speed outcomes, lower values reflect shorter response times and thus higher speed. 
For the PVT, we used a reciprocal transform of response time (1/RT) and subtracted it from 10 so that 
higher values also reflected lower response speed. 

 
For the MP, the distance from the center of each square (in pixels) was averaged across all responses. 

The center of the square translates to 100% accuracy, 50 pixels or more away from the center translate to 
an accuracy score of 0%, with linear scaling between zero and 50 pixels. For the LOT, the accuracy measure 
was calculated as three minus the average number of clicks off, which was then divided by three. For tests 
with more than three clicks off on average, the accuracy score was set to 0%. The BART risk score was 
based on empirical data of a normative cohort of subjects, with a value of 100% and 0% representing 
maximum and minimum risk-taking propensity. Here, we list BART risk-taking as an “accuracy” outcome 
despite the fact that it inherently measures risk taking. For the PVT, the accuracy score was calculated as 1 
– [(# of Lapses + # of False Starts)/(Number of Stimuli + # of False Starts)]. Any response time not falling 
in-between the false start threshold (100 ms) and the lapse threshold (355 ms) thus decreased accuracy on 
the PVT. 
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One preflight VOLT administration and two inflight ERT administrations (both in the second half of 
the mission) were excluded from data analysis for TW as the data indicated a high likelihood of non-
compliance (very fast responses paired with very low accuracy). Cognition data were corrected for practice 
and stimulus set difficulty effects based on findings from a study in 46 subjects that was designed to 
disentangle these effects that typically confound each other (results for the PVT reported in (147)). The data 
were also standardized relative to normative ground data from 15 astronauts (including TW and HR). 
Summary scores for accuracy and speed were calculated by averaging across z-transformed scores within 
the accuracy and speed domains, respectively. Due to its unique concept, the BART risk score was not 
included in the accuracy summary score. Speed summary scores were multiplied by -1 so that higher scores 
reflected higher speed. An efficiency score was calculated by averaging the accuracy and speed summary 
scores. Mixed effect models with random subject intercept were used for comparing TW’s standardized 
performance scores with HR’s standardized performance scores during four mission phases: preflight, early 
inflight (months 1-6), late inflight (months 7-12), and postflight. 

  
 

Microbiome/Metagenome 
 
Sample collections. All stool samples were swabbed within 2 h of voiding (see Table S1 for 

collection details), using Hardy Diagnostics Envirotrans(TM) Swab Rinse Kit (sterile swab and test tube 
with 5 ml 0.85% saline; Cat # SRK35). Swabs were frozen and stored at -80ºC until extraction. The 
BiOstic Bacteremia DNA Isolation Kit (Qiagen, Mo Bio Laboratories, Inc.) was used to extract genomic 
DNA (gDNA) from 2 ml of sample in saline suspension, according to the manufacturer's directions. After 
inspection for genomic DNA quality (performed using a Qubit Spectrophotometer (Life Technologies, 
Grand Island, NY) and a TapeStation2200 (Agilent Technologies, Santa Clara, CA), gDNA was sheared 
using an acoustic device (Covaris S2, Covaris, Woburn, MA). DNA libraries for Illumina sequencers 
were made using the Accel-NGS 1S Plus DNA Library Kit (Swift Biosciences, Inc., Ann Arbor, MI). 
Libraries were pooled and sequenced on an Illumina MiniSeq sequencer and, based on the relative 
abundance of reads generated, were re-pooled and then sequenced on a high-output 300 cycle kit run on 
an Illumina NextSeq500 sequencer. Swabs were processed at Northwestern University, and library 
preparation and sequencing was performed at the DNA Services Facility, Research Resources Center, at 
the University of Illinois at Chicago. Sequencing statistics are included in Table S10. 

 
Taxonomic and functional profiling. Raw reads were mapped to the NCBI non-redundant protein 

database using the software package DIAMOND (149). Taxonomic summaries per read were obtained 
using MEGAN’s Least Common Ancestor algorithm (150), and then summarized across all reads to 
create counts per taxon. Raw counts were normalized to percentages for relative abundance. Functional 
profiling was performed using SUPER-FOCUS (151), with parameters “-a diamond -db DB_100 -n 0”. 
Raw counts were normalized to percentages for relative abundance. Alpha diversity calculations, 
ordination plot visualization, and calculations of analysis of similarity (ANOSIM) were performed with 
the software package Primer7 (PRIMER-E Ltd, Plymouth, UK).  

 
Differential analysis. Differential statistics were computed using edgeR (152, 153) on raw counts 

obtained from quantification (species-level for taxonomy, all SEED functions for functional). Multi-group 
p-values were computed to identify differences in relative abundance between preflight, flight, and 
postflight sample groups for the flight twin (TW). All significance values were corrected for multiple 
testing using the false discovery rate (FDR) correction method of Benjamini and Hochberg (154). 
Significantly differential abundant taxa and functional groups were identified as those with FDR < 0.05. 

 
 

Multi-omics Analyses 
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The processed datasets (described above) for RNA-Seq (gene counts from CPT-frozen blood only), 

protein abundances from SWATH proteomics, quantified metabolic features from untargeted 
metabolomics, abundances from the cytokine immunoassays, read count data from species-level 
microbiome profiling, quantitative results from the cognition battery assays and telomere qPCR data were 
compiled and all analyte values were centered and scaled (R function “scale”). The resulting scaled multi-
omic matrices were then used as input for fuzzy c-means soft longitudinal clustering analysis (R package 
“mfuzz”) (155). Clustering was performed on all timepoints for the flight participant, and the profiles for 
all analytes in each cluster were then compared to that of the ground participant to look for divergent trends. 
Biological significance of the identified clusters was determined for the associated analytes using the 
integrated pathway analysis tool IMPaLA (pathway over-representation analysis function) (156), using as 
input official gene symbols for transcriptomic or proteomic data and putative associated KEGG identifiers 
for metabolomic features. Due to the overabundance of transcriptomic features versus those from the other 
‘omics data, clustering was performed with and without the RNA-seq dataset. For the larger dataset 
including RNA-seq, 30 clusters were generated, while eight clusters were specified for the smaller dataset 
excluding RNA-seq. 
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Fig. S1 
Validation of cell separation and purification approach from CPT vacutainers. Four mL of 

human blood (healthy test subject) was collected into a CPT vacutainer and subjected to cell 

separation as described for fresh collections. Cell purity was assessed with flow cytometry on an 

Accuri flow cytometer (BD biosciences). Representative bivariate flow cytometry dot plots are 

presented for: (A) resolution and gating of peripheral blood mononuclear cells derived from the 

CPT density gradient centrifugation process by scatter properties; (B) CD4-selected cells (91% 

purity); (C) CD8-selected cells (88% purity); (D) CD19-selected cells (72% purity); (E) Flow 

through cells (Lymphocyte Depleted; LD). For analysis of lymphocyte subsets by fluorescence, 

PBMC were ‘gated’ as illustrated in the left plot for each analysis, and gated PBMC were plotted 

for fluorescence for detection of T cell subsets (center figure) or B cells (right figure). Antibodies 

used were purchased from Beckman-Coulter (Miami, Florida): CD8-FITC (clone BW135/80), 

CD19-PE (clone: LT19) and CD4-APC (clone: M-T466). 
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Fig. S2 
Global gene expression differences. 2-dimensional embedding of the expression data for (A) 
CD8, (B) CD19, and (C) CD4 cells as well as (D) lymphocyte depleted (LD) and (E) PBMCs in 
PolyA+ selection. Each point represents one time point for HR (green) and TW (blue), arrows 
between points show chronological order of samples. Samples taken inflight are shown as empty 
points and circled with dashed lines for emphasis, ground based samples are shown as filled. For 
sorted cell populations the samples that were returned on ambient temperature are shown as 
squares whereas circles represent fresh (in sorted cells) or frozen (in unsorted PBMCs). TMM 
normalized log(FPKM) values were corrected for ambient return related effects using ComBat and 
dimensionality reduction was performed using t-SNE (t-statistic distributed stochastic neighbor 
embedding). (F) Effect of ambient return on gene expression signature and correction by ComBat. 
Differentially expressed genes due to ambient return were calculated by comparing freshly 
processed and simulated ambient return samples. Log2 fold-change values of difference between 
ambient and fresh pairs for the control sample, HR and TW are plotted for the same genes that are 
either up- or down-regulated in the ambient control. Left panel contains the normalized 
uncorrected expression values, right panel shows the same data after correcting all samples by 
ComBat to reduce the effects of ambient return bias. 
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Fig. S3  
Global view of metabolome and cytokine profiles. Exploratory analysis of global cytokine (in 
A), metabolome (in B), and targeted urine metabolome (in C) profiles for HR (green) and TW 
(blue), using Principal Components Analysis. (D) Same data as in C analyzed using Partial Least 
Squares - Discriminant Analysis (PLS-DA). Filled squares represent samples collected on ground, 
whereas empty squares indicate samples collected inflight, aboard the ISS. Each principal 
component is labeled with % variance explained.  
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Fig. S4  
Proteomic changes in urine during spaceflight. Liquid-chromatography coupled to tandem mass 
spectrometry (LC-MS/MS) was used for targeted and untargeted proteomic analysis of urine. 
Relative levels of peptides associated with (A) fluid regulation, (B) vascular remodeling, (C) 
musculoskeletal deconditioning and (D) extracellular matrix differed during spaceflight compared 
to ground time points. 
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Fig. S5  
Integrative analysis of multi-omic data including RNA-seq. The results of longitudinal c-means 
clustering are shown for RNA-seq, proteomics, metabolomics and cytokine data. (A) Changes in 
analyte abundance (scaled) over time during the mission are indicated for analytes in the identified 
thirty clusters. (B) A subset of spaceflight-relevant clusters are shown with each analyte type 
plotted separately. In both panels, bold line indicates median abundance within a cluster. Shaded 
area ribbons indicate the 5th and 95th percentile of abundance.  
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Fig. S6 
Telomere length dynamics and telomerase activity. (A) Relative average telomere length for 
TW (blue) and HR (green) pre-, in-, and postflight, evaluated via qRT-PCR in DNA isolated from 
PBMCs collected by Colorado State University (CSU) (Set1) and Cornell (Set2). All samples were 
normalized to a human genomic DNA control (red), and data was log2 transformed to account for 
inter-laboratory variation. (B) Relative average telomere length for TW pre-, in-, and postflight, 
evaluated via qRT-PCR in DNA isolated from sorted PBMC subpopulations; CD4 and CD8 T-
cells, CD19 B-cells, and lymphocyte depleted (LD) fractions. Data correspond to that shown in 
Figure 2b; individual time points shown. Error bars represent SEM. (C) Telo-FISH cell-by-cell 
analysis of average telomere length (relative fluorescence intensity; RFI) on metaphase 
chromosomes (PHA stimulated T-cells) pre-, in-, and postflight; inflight differences were not 
statistically significant (one-way ANOVA). Error bars represent SEM. (D) Telo-FISH generated 
histograms of individual telomere length distributions for TW (blue) and HR (green) pre-, in-, and 
postflight. Data correspond to selected distributions depicted in Figure 2 (C,D); individual time 
points shown. (E) Telomerase activity in PBMCs determined using qRT-PCR TRAP. (F,G) 
Influence of transit time on telomerase activity (in F) and telomere length (in G) for blood samples 
in transit < 24 h, and > 48 h, prior to processing at CSU; one control sample each, run in triplicate. 
(H) Gel confirming no degradation of DNA in mid-flight samples that underwent ambient return 
from the ISS. Significance tested by a student’s t-test. All error bars represent SEM. 
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Fig. S7  
DNA methylation dynamics during spaceflight. (A) Genome-wide distributions of Jensen-
Shannon distances (JSD) comparing TW to HR within CD4 and CD8 T-cells. Center lines, median; 
boxes, interquartile range (IQR); whiskers, 1.5 × IQR. (B,C) UCSC genome browser images of 
example genes for the indicated comparisons in CD4 (in B) or CD8 (in C) cells. Comparisons 
include: TW versus HR at preflight and inflight time points (B, FD259; C, FD76), and HR at 
inflight (B, FD259; C, FD76) versus preflight time points. Peaks of Jensen-Shannon distances 
(JSD) are plotted along with differential MML (dMML) and differential NME (dNME) with 
negative values indicating reduced MML or NME at the inflight time point compared to preflight 
or in TW compared to HR. 
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Fig. S8 
Immune system responses to inflight and post-landing phase. (A,B) Cytokine profiles over 
time are plotted as percent difference from the mean of preflight value on the Y-axis, whereas X-
axis is number of days during the mission. Two cytokines are representative of the highest spikes 
at the R+5 sample collection from TW: IL-1RA (in A) and CCL2 (in B). (C) CRP profile plotted 
as percent difference from the mean of preflight value on the Y-axis, whereas X-axis is number of 
days during the mission. (D) Profiles of all cytokines in each subject. Y-axis is normalized log-
transformed (log2) fluorescence intensity, and X-axis is number of days during mission (E) 
Inflight vs pre- and postflight changes in biochemical markers and cytokines from blood and urine 
were ranked in terms of their degree of change and p-value. Colors are log10 of the q-value (<0.05, 
ANOVA). (F) Profiles of biochemical markers from blood and urine over time are plotted as 
percent difference from the mean of preflight value on the Y-axis, whereas X-axis is number of 
days during the mission. For all panels TW is blue and HR is green. 
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Fig. S9 
Comparison of normalized clonal abundance pre-vs post-vaccination. The x-axis represents 
the post vaccination clonal abundance while the y-axis represents the clonal abundance at pre- 
vaccination. The shaded portion (red) represents the vaccination response (5% FDR adjusted) 
within each vaccination season and cell type for the same individual. (A, C) Clonotypes in the 
flight twin (TW) extracted from TCR Alphas and Betas respectively. The inflight time point is 
represented as S2*. (B, D) Clonal abundance in the ground-based twin (HR) who was also sampled 
across three vaccination seasons. 
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Fig. S10  
Viral and fungal representation in fecal microbiomes. (A) Metric multidimensional (mMDS) 
plot of fecal fungal microbial community from TW and HR. Samples are color coded by subject 
(TW=blue; HR=green), with open symbols representing flight samples from TW or flight-
equivalent samples from HR. A strong separation of the two subjects across all time points was 
observed (analysis of similarity, ANOSIM, R> 0.748, p<0.001; taxonomic level of species). Fungi, 
represented 0.0051% to 0.0084% of annotated metagenome reads, consisted of 225 species-level 
taxa across both subjects. Within TW, the fungal communities identified inflight were significantly 
different from those pre- and postflight (ANOSIM R=0.45, p<0.024). Conversely, in HR, samples 
taken from the equivalent time points were not significantly different between inflight time period 
samplings compared to pre- and postflight samplings (ANOSIM, R=-0.038, p=0.516). 2D 
stress=0.26. (B) mMDS plot of fecal viral community composition from TW and HR. The viral 
community was comprised of 16 families, with most sequences deriving from viruses of the order 
Caudovirales and from the family Microviridae. Overall, most annotated viral sequences were 
derived from bacteriophages, and represented 0.0023% to 0.0121% of annotated metagenome 
reads. The two subjects had significantly different viromes (ANOSIM R=0.916, p<0.001). 
However, the viral community structures of the inflight versus pre-/postflight samples for both 
subjects were not significantly different (ANOSIM R < -0.069, p>0.635). 2D stress=0.12. 
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Fig. S11  
Read distribution and validation for aligned reads in RNA-seq experiments. (A) Flight 
samples for TW show highly increased mitochondrial RNA in the last 6 months of the mission, as 
compared to HR. Colors represent reads mapped to the 3’UTR (grey), 5’UTR (orange), exon (light 
blue), intergenic (dark green), intron (sage), mitochondrial (yellow), and ribosomal regions (blue). 
This change is not seen in either HR or postflight samples of TW. (B) Flight days (left) and mapped 
read coverage across the mitochondrial genome (x-axis), as shown in the Integrated Genome 
Viewer (IGV) plot. Gene annotations (blue) are on top for mitochondrial genes. (C) Cell-free 
mitochondrial DNA analysis by qPCR. HR is green and TW is blue in all panels. (D, E) 
Mitochondrial RNA from CPT samples RT-PCR validation for TW, using primers for (D) mtC01 
on the mitochondrial genome, run in triplicate relative to 18S rRNA, which show a mid-flight 
increase in mtRNA that is not observed in (E) a control gene GAPDH.  
 

41



P
re

fli
gh

t
In

fli
gh

t
P

os
tfl

ig
ht

P
re

fli
gh

t
In

fli
gh

t
P

os
tfl

ig
ht

5.
4

5.
6

5.
8

6.
0

6.
2

Normalized Log2 Intensity

L−
La

ct
ic

 a
ci

d

H
R

TW

P
re

fli
gh

t
In

fli
gh

t
P

os
tfl

ig
ht

P
re

fli
gh

t
In

fli
gh

t
P

os
tfl

ig
ht

1.
5

2.
0

2.
5

Normalized Log2 Intensity

P
yr

uv
ic

 a
ci

d

H
R

TW

E
ar

ly
In

fli
gh

t
La

te
In

fli
gh

t
P

re
fli

gh
t

P
os

tfl
ig

ht
P

re
fli

gh
t

In
fli

gh
t

P
os

tfl
ig

ht

Log2 Fold Change 3.
2

3.
6

4.
0

La
ct

at
e:

P
yr

uv
at

e 
R

at
io

H
R

TW

P
re

fli
gh

t
In

fli
gh

t
P

os
tfl

ig
ht

P
re

fli
gh

t
In

fli
gh

t
P

os
tfl

ig
ht

●

6.
9

7.
2

7.
5

7.
8

8.
1

Normalized Log2 Intensity

C
itr

ic
 a

ci
d

H
R

TW

P
re

fli
gh

t
In

fli
gh

t
P

os
tfl

ig
ht

P
re

fli
gh

t
In

fli
gh

t
P

os
tfl

ig
ht

●

2.
0

2.
5

3.
0

3.
5

Normalized Log2 Intensity

L−
M

al
ic

 a
ci

d

H
R

TW

(A
)

(B
)

(C
)

(D
)

(E
)

42



 

Fig. S12  
Plasma levels of metabolites related to mitochondrial respiration . Distributions of relative 
levels (log2 intensity) of (A) L-Lactic acid, (B) Pyruvic acid, (C) Lactic acid/Pyruvic acid ratio, 
(D) Citric acid, and (E) L-Malic acid from plasma during pre-, in- and postflight periods in HR 
and TW. 
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Fig. S13  
Oxygen levels on board ISS. Measurements of oxygen (ppO2; mmHg) recorded on the 
International Space Station over the duration of the mission. 
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Fig. S14  
Detailed comparison of TW versus HR for Cognitive Speed and Accuracy. Blue lines 
represent TW data and green lines represent HR data. The vertical lines indicate launch and landing 
dates for TW. For all tests, higher values represent (A) higher accuracy (in case of the BART, 
higher risk taking propensity) or (B) slower response speed. Average response time in milliseconds 
is shown for all speed tests except for the PVT. For the PVT, response times were reciprocally 
transformed and then subtracted from 10. MP: Motor Praxis; VOLT: Visual Object Learning; F2B: 
Fractal 2-Back; AM: Abstract Matching; LOT: Line Orientation; ERT: Emotion Recognition; 
MRT: Matrix Reasoning; DSST: Digit Symbol Substitution; BART: Balloon Analog Risk Test; 
PVT: Psychomotor Vigilance. 
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Fig. S15  
Relationship between telomere length and folate levels. (A,B) Telomere length in TW (blue) 
plotted along with (A) body mass and (B) serum folate. (C,D) Same as in (A,B) for HR (green). 
PBMC telomere data are represented as circles; body mass and folate data are triangles.  
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Supplementary Tables 
 
Table S1. Collection timepoints and analyses  
Available online 
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Table S1  
Collection time points and analyses table. Rows represent unique analyses performed. First 4 
columns define the principal investigator (last name) supervising relevant analyses, subject (TW 
or HR), flight time (pre- ,in- ,or postflight), and NASA session (temporally related to launch (L), 
flight (FD) and return (R) time periods, as well as and ground subject (GD) for pre (-), in ( ), and 
post (+) flight). The next 2 columns define sample type and cell type (if blood derived). The last 
column defines the analysis performed. Cell type abbreviations: peripheral blood mononuclear 
cells (PBMCs), lymphocyte depleted cells (LD), CD4+, CD8+ or CD19+ enriched populations 
(CD4, CD8 or CD19 respectively). Analysis abbreviations: quantitative real-time polymerase 
chain reaction (qRT-PCR), T-cell receptor sequencing (TCR), telomere fluorescence in situ 
hybridization (Telo-FISH), whole-genome bisulfite sequencing (WGBS), RNA-sequencing 
(RNA-seq). 
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Table S2. Differential gene expression gene set analysis results  
Available online 
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Table S2 
Differential gene expression gene set analysis results. Different worksheets show (1) the overall 
summary statistics, (2,3) details of differentially expressed genes for different comparisons at 
different q-values (0.05 and 0.01, DESeq2 multivariate negative binomial model) and cell types, 
(4) detailed information on all differentially expressed genes, and (5) significantly altered 
pathways from Gene Set Enrichment Analysis (GSEA).  
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Table S3. Summary of differential testing for untargeted and targeted metabolomics data  
Available online 
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Table S3 
Summary of differential testing for untargeted and targeted metabolomics data. The first 
sheet has an overview of the linear models fit to the untargeted plasma metabolomics data, 
including the coefficients and contrasts tested. The second sheet lists metabolites identified in 
Sheet 1 as significantly differential (adjusted p-value < 0.05) in any comparison, as well as adjusted 
p-values for each coefficient or contrast of interest. The third sheet lists targeted metabolites 
identified in urine and plasma samples. 
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Table S4. Gene ontology results based on the Jensen-Shannon distance of DNA methylation 
within promoters. 
Available online 
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Table S4  
Gene ontology results based on the Jensen-Shannon distance of DNA methylation within 
promoters. Different worksheets display the gene ontology results obtained using the indicated 
gene ranking list from Table S4 associated with each comparison. For example, worksheet 1 
(CD4_HR_Pre_vs_Inflight1) represents the results from comparing preflight to the first inflight 
time point in CD4 cells from HR, whereas the worksheet named “CD4_TW_vs_HR_PostFlight” 
contains results from comparison of CD4 cells collected postflight between TW and HR. 
“Inflight1” and “Inflight2” represent the first and second in-flight time points, respectively, while 
“RankProd_Inflight” represents the rank product of both in-flight time points. (Terms: P.value = 
uncorrected enrichment p-value computed according to hypergeometric test; FDR.q.value = 
Benjamini-Hochberg corrected p.value; Enrichment = (b/n) / (B/N); N = total number of genes; B 
= total number of genes associated with GO term;n = number of genes in the top of user's input 
list; b = number of genes in the intersection.) 
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Table S5. Gene rankings based on the Jensen-Shannon distance of DNA methylation within 
promoters.  
Available online  
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Table S5  
Gene rankings based on the Jensen-Shannon distance of DNA methylation within promoters. 
Different worksheets contain gene rankings from comparisons (1) within HR, (2) within TW, and 
(3) between TW and HR. “Inflight1” and “Inflight2” represent the first and second in-flight time 
points, respectively, while “RankProd_Inflight” represents the rank product of both in-flight time 
points. 
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Table S6. Summary of differential testing for cytokine data. 
Available online  
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Table S6 
Summary of differential testing for cytokine data. The first sheet has an overview of the linear 
models fit to the data, including the coefficients and contrasts tested. The second sheet lists 
cytokines identified as significantly differential (adjusted p-value < 0.05) in any comparison, as 
well as adjusted p-values for each coefficient or contrast of interest. The third sheet lists results of 
functional term enrichments from the web-based tool DAVID, using the Functional Annotation 
Chart. 
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Table S7 
Cardiovascular and Ocular Parameters.  Complete data set from the flight (TW) and ground 
(HR) subjects collected using ultrasound, optical coherence tomography and automated blood 
pressure cuff. 
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Table S8. Biochemical profile data 
Available online 
  

64



Table S8 
Biochemical profile data. Targeted markers of physiological and nutritional status, including 
general chemistry, minerals, vitamins, cytokines, etc. Data are presented for the flight subject 
(TW) from sample collections preflight (Launch minus, L-162 and L-71 days); inflight (Flight 
Day, FD, FD14, FD74/122 averaged, FD181, and FD237), and postflight, (Return plus, R+, 0 days, 
R+4, R+35, R+104, and R+190 days). Data for the ground subject (HR; blood n=9; urine n=10) 
were averaged and show in the table as mean ± SD. Urine data represent the average of two 24-h 
urine collections. An extra sample was collected at L-71 and processed like the inflight samples, 
i.e., these were collected, centrifuged, and frozen in the tube with thawing and analysis postflight.  
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Table S9. Summary of RNA-sequencing quality control metrics. 
Available online 
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Table S9 
Summary of RNA-sequencing quality control metrics. RNA Integrity numbers (RIN), total 
number of sequencing reads, GC content, duplication rate, alignment rate and rate of assignment 
to elements in the reference annotation are given for both PolyA+ and rRNA depleted experiments 
for all samples. 
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Table S10 
Summary of shotgun metagenome sequence annotation. Paired-end sequences were annotated 
for taxonomy and gene function using the software packages DIAMOND, MEGAN, and SUPER-
FOCUS. Total numbers of sequences are shown, followed by number and percentage of reads 
annotated to the taxonomic level of phylum to species. Total number and percentage of reads 
annotated at the SEED functional level are also shown.  
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Table S11 
Summary of whole-genome bisulfite-sequencing data. Alignment information, bisulfite 
conversion rate, CpG coverage and depth information are reported for each sample. 
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